Radioluminescence microscopy is a new method for imaging radionuclide uptake by single live cells with a fluorescence microscope. Here, we report a particle-counting scheme that improves spatial resolution by overcoming the b-range limit. Methods: Short frames (10 ms21 s) were acquired using a high-gain camera coupled to a microscope to capture individual ionization tracks. Optical reconstruction of the b-ionization track (ORBIT) was performed to localize individual b decays, which were aggregated into a composite image. The new approach was evaluated by imaging the uptake of 18 F-FDG in nonconfluent breast cancer cells. Results: After image reconstruction, ORBIT resulted in better definition of individual cells. This effect was particularly noticeable in small clusters (2-4 cells), which occur naturally even for nonconfluent cell cultures. The annihilation and Bremsstrahlung photon background signal was markedly lower. Single-cell measurements of 18 F-FDG uptake that were computed from ORBIT images more closely matched the uptake of the fluorescent glucose analog (Pearson correlation coefficient, 0.54 vs. 0.44, respectively). Conclusion: ORBIT can image the uptake of a radiotracer in living cells with spatial resolution better than the b range. In principle, ORBIT may also allow for greater quantitative accuracy because the decay rate is measured more directly, with no dependency on the b-particle energy. Aut oradiography is a well-established method for high-resolution imaging of radionuclide probes in tissues. Film and emulsion methods have the highest spatial resolution but poor sensitivity, dynamic range, and quantitative accuracy and require tedious sample preparation (1,2). Other autoradiography methods (e.g., storage phosphor (3), solid-state detection (4,5), gaseous detectors (6), and thin phosphor (7)) have higher sensitivity and dynamic range but spatial resolution worse than 50 mm. Only a few methods have demonstrated the ability to visualize the uptake of radionuclide probes with single-cell resolution. One of these methods uses a bsensitive avalanche photodiode to measure radionuclide uptake in small groups of cells, cultured in 16 microfluidic chambers (8). An experiment showed that the avalanche photodiode could measure signal from a single cell in the chamber. Another device, the MicroImager, achieved 15-mm spatial resolution for 35 S, which was used to detect in situ hybridization in single neurons (9). A third device, the radioluminescence microscope, was developed to visualize radionuclide uptake in live cells during fluorescence microscopy (10). Radioluminescence microscopy can be used to measure fluorescent and radionuclide signals emanating from a collection of living cells, in a relatively short time. Here we propose a new particlecounting scheme for radioluminescence microscopy with higher spatial resolution and, in principle, quantitative accuracy.
imaging of radionuclide probes in tissues. Film and emulsion methods have the highest spatial resolution but poor sensitivity, dynamic range, and quantitative accuracy and require tedious sample preparation (1, 2) . Other autoradiography methods (e.g., storage phosphor (3), solid-state detection (4, 5) , gaseous detectors (6) , and thin phosphor (7)) have higher sensitivity and dynamic range but spatial resolution worse than 50 mm. Only a few methods have demonstrated the ability to visualize the uptake of radionuclide probes with single-cell resolution. One of these methods uses a bsensitive avalanche photodiode to measure radionuclide uptake in small groups of cells, cultured in 16 microfluidic chambers (8) . An experiment showed that the avalanche photodiode could measure signal from a single cell in the chamber. Another device, the MicroImager, achieved 15-mm spatial resolution for 35 S, which was used to detect in situ hybridization in single neurons (9) . A third device, the radioluminescence microscope, was developed to visualize radionuclide uptake in live cells during fluorescence microscopy (10) . Radioluminescence microscopy can be used to measure fluorescent and radionuclide signals emanating from a collection of living cells, in a relatively short time. Here we propose a new particlecounting scheme for radioluminescence microscopy with higher spatial resolution and, in principle, quantitative accuracy.
The standard radioluminescence microscopy approach uses a scintillator plate, placed in contact with the cells of interest, to convert ionizing radiation from radioactive b decay into visiblerange photons detectable with a fluorescence microscope (Fig. 1A) . To ensure good contact, the cells are grown such that they adhere to the scintillator plate. The transparency of the plate in the visible range allows for conventional microscopy techniques (e.g., fluorescence and brightfield). Before imaging, the cells are incubated with a radionuclide probe and then washed to remove the excess probe. A radioluminescence image is acquired using a sensitive camera coupled to a high-numerical-aperture microscopy objective (Fig. 1A) . A typical image requires an exposure time of several minutes and combines the contributions of thousands of b particles, each emitted with a random energy and direction.
Although radioluminescence microscopy can measure radiotracer uptake with single-cell resolution (10) , this single-exposure approach is suboptimal for 2 reasons. First, as each b-particle travels through the scintillator plate, it leaves behind a track of optical photons. Since a b-particle may travel beyond the boundaries of the cell in which it was emitted, it may contribute radioluminescence signal to other surrounding cells, which makes it difficult to distinguish individual cells in the radioluminescence image. Second, the contribution of each individual positron decay event to the total luminescent signal varies greatly because each positron is emitted with a variable amount of kinetic energy and deposits a variable fraction of this energy in the scintillator at a variable depth. The inclusion in the signal of these random quantities results in higher statistical variance.
We report a new image acquisition scheme for radioluminescence microscopy that solves the 2 aforementioned problems. Rather than acquiring a single image with a long exposure time (e.g., 5 min), we take thousands of short frames with high-electron-multiplication gain. With this method, we can visualize the ionization tracks produced by individual b particles as they travel through the scintillator. We trace each track backward to the 2-dimensional location of the corresponding b decay. From the estimated locations of many radioactive decays, we synthesize a composite image that has improved spatial resolution compared with the single-exposure acquisition scheme (Fig. 1B) . We have given this particle-counting scheme the name optical reconstruction of the b-ionization track (ORBIT).
Although in principle similar to existing particle-counting autoradiography systems (5, 9) , ORBIT can image and reconstruct individual ionization tracks. In this regard, it is comparable to single-molecule fluorescence microscopy methods such as subdiffraction-limit imaging by stochastic optical reconstruction microscopy (11) . This method uses bright light pulses to stochastically photoactivate a small number of fluorescent proteins, which are then fluorescently imaged. Because of their sparse distribution, individual activated proteins can be localized with precision greater than the diffraction limit. By repeating this process, different subsets of proteins can be activated and imaged. Similarly, ORBIT exploits the fact that radioactive decay is stochastic, and thus only a small number of randomly distributed ionization tracks are produced within a short time frame. The number of optical photons produced in a scintillator during a single radioactive decay event is large enough to be detected by a sensitive microscope. For instance, the kinetic energy of a positron emitted during the decay of 18 F can be as high as 634 keV, which for a scintillator such as CdWO 4 (15 photons/keV) would result in up to 9,500 photons emitted.
MATERIALS AND METHODS

Imaging System
The microscope setup used in this study has been described elsewhere (10) . A 40·/1.3-numerical aperture oil-immersion objective (UPLFLN40XO; Olympus) was used for all experiments. We estimate that the microscope collects approximately 13% of the photons emitted near the focal plane, based on the objective light collection efficiency (25% for a 1.3 numerical aperture) and transmission (80%), the throughput of the tube lens (80%), and the quantum efficiency of the charge-coupled device (CCD) (80%). The light collection efficiency calculation does not account for the higher index of refraction of the scintillator (n 5 2.3). Experimentally, we found that the microscope could record 31% of the photons emitted by a bioluminescent light source (Supplemental Fig. 1 ; supplemental materials are available online at http://jnm.snmjournals.org). The discrepancy between these 2 values may be due to camera calibration factors, electron-multiplication gain nonlinearity, and the nonideal behavior of the microscope objective.
Depth-Varying Point-Spread Function
We characterized the depth-varying point-spread function and modulation transfer function of the microscope objective using an analytic model (12) . The model accounts for the immersion oil and the index of refraction of the scintillator. Using this model, we computed via convolution the response of the microscope to a small pointlike object placed at different depths. The object was a 3-dimensional gaussian function with a full width at half maximum of 6.5 mm-that is, twice the camera pixel size (with 2 · 2 binning).
ORBIT Imaging
The general methodology for acquiring an ORBIT image is as follows. We first acquire a sequence of frames with a short exposure time, an electron-multiplication gain of 1,200, and 2 · 2 binning. The exposure time must be set to maximize the system sensitivity. On the one hand, the exposure should be short enough to avoid spatiotemporal overlap between different ionization tracks. On the other hand, it should be longer than the camera readout time to allow for continuous imaging. For highly radioactive samples, these 2 conditions cannot be simultaneously satisfied; therefore, the exposure should be set to the highest value that causes no overlap between tracks. Typically, this value corresponds to an average of 10 ionization events per frame (Supplemental Fig. 2 ), but it may vary with the spatial distribution of the activity. Loss of sensitivity due to slow camera readout is spatially uniform. Given the range of camera exposures available (10 ms-10 s), the microscope can image a wide range of radionuclide activities, from 0.2 Bq/mm 2 to 20 kBq/mm 2 . For a fixed exposure time, the event rate is also linear with activity concentration (Supplemental Fig. 3) .
The automated extraction of b trajectories from the sequence of short frames involves a certain number of image processing steps. Briefly, each frame is first filtered with a gaussian kernel to reduce spatially uncorrelated shot noise. An H-maxima transform is then applied to suppress small local image maxima. The processed image is later segmented using a constant threshold set above the noise floor. (1) is followed by positronelectron annihilation (2) and emission of 2 back-to-back 511-keV photons (blue lines), which may interact with electron in scintillator via Compton scatter or photoelectric absorption (3). Energetic charged particles (red lines) propagate through scintillator, producing light, which can be recorded by microscope. Because of shallow depth of field, system is sensitive only to events occurring near focal plane. (Drawing is not to scale: objective's field of view is 1.2 mm). (B) To acquire radioluminescence image with ORBIT, bright-field micrograph is first acquired to delineate cell boundaries. Sequence of short image frames is then acquired with high gain to capture ionization tracks produced by energetic charged particles. Those frames are processed to extract decay locations, which are then aggregated into composite image. (Each decay location is represented as a dot). NA 5 numerical aperture.
Morphologic operations are also applied to regularize the delineation of the segmented tracks.
For image processing purposes, we distinguish 3 types of ionization tracks. Long tracks (#500 mm) are produced by positrons with high initial kinetic energy and are traced backward to the decay origin using a custom algorithm ( Fig. 2A) . Because the direction of the particle along the track is ambiguous, the origin is defined as the end of the track closest to a cell (segmented from a bright-field micrograph). Shorter tracks are characteristic of positrons that either travel a short distance because of lower kinetic energy or travel orthogonally to the imaging plane (Fig. 2B) . These tracks are directly assigned to the nearest cell. Last, annihilation photons are more likely to interact deep in the scintillator plate, away from the focal plane (Fig. 1A) . These interactions sometimes appear as a diffuse, out-of-focus luminescence signal and are rejected during image processing (Fig. 2C) . A more detailed description of the track reconstruction algorithm is presented as supplemental information.
The final ORBIT image is reconstructed by aggregating the decay locations estimated from the sequence of frames. The resulting image is then filtered with a gaussian kernel to account for the localization uncertainty.
Annihilation and Bremsstrahlung Photon Contamination
To evaluate the proportion of events that is produced by secondary annihilation and Bremsstrahlung photons, we imaged the ionization tracks produced by a thin layer of 18 F-FDG (19 kBq/mm 2 ) while varying the focal plane depth. For each depth, we counted how many ionization tracks were in focus in 200 sequential images (27-ms exposure). Because the objective has a shallow depth of field, only ionization tracks near the focal plane are in focus. Because of the limited range of positrons, tracks observed deep in the scintillator are attributed to high-energy photons.
Cell Imaging
As a demonstration, we imaged the uptake of 18 F-FDG in human breast adenocarcinoma cells and compared it with an optical fluorescent glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diaxol-4-yl)amino]-2-deoxyglucose (2-NBDG). We seeded 10 4 MDA-MB-231 cells on a 10 · 10 · 0.5 mm CdWO 4 scintillator plate. The plate was immersed in RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin and stored at 37°C in a humidified atmosphere with 5% CO 2 . The next day, the cells were approximately 10% confluent and did not present signs of altered function (Supplemental Fig.  4) . After keeping the cells fasting for 30 min in glucose-free RPMI, we incubated them for 1 h at 37°C with 18 F-FDG (11 MBq) and 2-NBDG (100 mM) and washed them to remove the excess probe.
Imaging was performed by 2 methods. First, a single radioluminescence image was acquired with an exposure time of 5 min and an electron-multiplication gain of 201. Then, a sequence of 6,000 frames was acquired with an exposure time of 50 ms-effectively spanning 5 min-and an electron-multiplication gain of 1,200 and reconstructed into a single image using ORBIT. Image reconstruction took about 8 h using MATLAB (The MathWorks) on a recent computer, with most of the computation spent reconstructing long positron tracks.
RESULTS
The point-spread function and modulation transfer function were found to depend strongly on the depth of the source (Supplemental Fig. 5 ). The Nyquist frequency for the camera (0.15 cycles/mm for 2 · 2 binning) was attenuated by 50% at a 2-mm depth and by 90% at 4 mm. For a small point-source object, the response of the microscope decreased gradually with depth ( Fig.  3) , an effect known as optical sectioning. It follows from these results that the sensitive region of the scintillator spans approximately 5 mm on either side of the focal plane. Therefore, when an energetic positron intersects the focal plane, the microscope can capture only the portion of its track that is in this sensitive region. The simulation of simple positron trajectories showed that the transition between the 2 regions is gradual (Supplemental Fig.  6 ). Because of optical sectioning, the microscope captures only a fraction of the total energy deposited by energetic positrons, which can travel up to 500 mm in CdWO 4 .
By varying the depth of the focal plane, we estimated that positrons constitute 92% of the events recorded at the scintillator edge (Fig. 4) . The event counting rate was 1,010 cps for positrons and 90 cps for annihilation and Bremsstrahlung photons. Positrons rarely traveled more than 20 mm from the scintillator edge, highlighting the need for precise focusing to maximize positron sensitivity.
An ORBIT radioluminescence image of cellular 18 F-FDG uptake was synthesized from 33,253 events (110.8 cps). As a control, we also imaged a sample not incubated with 18 F-FDG and measured a background rate of 1.2 cps, likely caused by cosmic radiation and background noise in the camera. On the basis of the camera gain and calibration factor, we estimated that single ionization events created between 20 and 1,000 photoelectrons in the CCD sensor, with an average of 390 (Supplemental Fig. 7A ). On the basis of the estimated optical sensitivity of the system and the light yield of the scintillator, these correspond to minimum, average, and maximum energy depositions of 10, 200, and 510 keV, respectively. These observed energy depositions reflect the diversity of positron energies and trajectories and represent only ionization occurring within 5 mm of the focal plane. This may be why the average measured energy was smaller than the average positron energy for 18 F (250 keV).
For both imaging modes, the noise is dominated by shot noise and, for the high-gain acquisition, excess noise factor, with a negligible contribution from dark noise (0.001 electron/pixel/s) and read noise (0.01 electron/pixel at 11 MHz, relative to electronmultiplication gain). On average, a positron produced 0.6 photoelectrons per CCD pixel (before electron-multiplication and analog gain, but after 2 · 2 pixel binning; Supplemental Fig. 7B ). In comparison, a pixel receives approximately 150 photoelectrons for a 5-min exposure. As a result, single ORBIT frames have a low signal-to-noise ratio compared with longer exposures (Supplemental Table 1 ). Other sources of background signal include Cerenkov luminescence-approximately 1.4 photons per decay for 18 F (13)-and scintillator afterglow (e.g., lutetium orthosilicate).
Although isolated cells are clearly distinguishable on the 5-min exposure image (Fig. 5A, red arrows) , ORBIT provides better resolution of single cells in small clusters of 2-4 cells (Fig. 3A,  yellow arrows) . A line profile through the images confirms that peaks and valleys are better defined on the ORBIT image and coincide to a greater degree with the fluorescence image ( Fig. 5B ; Pearson correlation coefficient, 0.85 vs. 0.67). In contrast, the 5-min-exposure radioluminescence image presents a higher level of background signal between peaks, likely caused by annihilation and Bremsstrahlung photons, and a widening of the peaks, due to positron range blurring. In addition, ORBIT directly counts how many decays occur within each cell, with no dependence on the variable positron energy. Thus, a region-of-interest analysis found that, on a cell-by-cell basis, 2-NBDG fluorescence was more highly correlated with 18 (Fig. 5C) . A perfect correlation between 18 F-FDG and 2-NBDG is not achievable as the 2 probes are not strictly identical: 2-NBDG is degraded after cell internalization, becoming inactive, whereas 18 F-FDG accumulates in the cell as FDG-6-phosphate. Physical differences between radionuclide decay and fluorescence emission can also account for discrepancies between the 2 signals.
DISCUSSION
We found that ORBIT could visualize individual decay events and resulting ionization tracks. By processing those ionization tracks, we produced images of the distribution of 18 F-FDG in living cells with spatial resolution greater than the positron range. Whereas a single-exposure radioluminescence image has arbitrary camera units, an ORBIT image has units of counting rate. In principle, a particle-counting approach such as ORBIT should be more quantitative than an integrating approach. That may be why OR-BIT images provided measurements of 18 F-FDG uptake in single cells that presented a stronger correlation to the uptake of a fluorescent glucose analog. A precise comparison between the 2 approaches will be the aim of future work.
We also found that because of the shallow depth of field of the objective, imaging of ionizing events is restricted to a 10-mm-thick slab centered on the focal plane. This feature of the microscope allowed us to better discriminate between positrons, which travel short distances, and secondary photons, which interact more deeply in the scintillator.
ORBIT works best for nonconfluent cell cultures because each positron track can reliably be assigned to a cell delineated from a bright-field microscopy image. ORBIT is generally able to distinguish individual cells in small clusters (2-4 cells) that naturally occur during cell growth (Fig. 3A, yellow arrows) . However, for more confluent cell distributions such as tissue sections, the bright-field image is less useful for estimating the positron direction along the track because more than one cell may be equally close to the Maximum response of microscope to small object (gaussian distribution with a full-width half-maximum of 6.5 mm) placed at various depths was computed using analytic model. Inset shows 2-dimensional point-spread function (depth, 0, 1, 1.5, and 2 mm).
ionization track. This is unfortunate because dense cell distributions are more representative of physiologic conditions. ORBIT can be adapted to imaging dense tissue in several ways. As the positron slows down, it becomes more ionizing and its ionization track becomes brighter. Furthermore, as the positron moves away from the focal plane, the ionization track becomes defocused. These properties may help determine the direction of the positron along its track. Alternatively, long ionization tracks may also be discarded in favor of shorter tracks that are easier to localize. Tissue dissociation techniques may also allow dense tissues to be physically separated for imaging (14) .
The ORBIT method can readily be extended to dynamic studies. Short frames can be acquired for the desired duration of the study, retrospectively gated into time intervals, and independently reconstructed. However, the use of the bright-field image to delineate cells is not optimal in the presence of background activity. Positrons emitted from a free radionuclide probe will produce ionization tracks that should not be associated with a cell. Thus, to avoid bias, b particles should be localized without using the bright-field image when significant activity is present in the background.
Highly sensitive CCD cameras with high internal gain, comparable to the one used in this work, have in recent years found application in high-resolution SPECT imaging (15) (16) (17) (18) . These SPECT systems image the ionization track produced by low-energy g rays interacting in a thin scintillator screen. Similar to our work, they apply image-processing algorithms to extract the position and energy of each individual g-ray interaction. Such an imaging scheme enables spatial resolution on the order of 50-70 mm, much higher than conventional SPECT systems. In a similar fashion, a digital autoradiography system was recently developed using a high-efficiency CCD sensor (19) . By placing the tissue of interest in direct contact with the CCD, this system can directly visualize the trajectories of positrons entering the silicon detector. The system achieved a spatial resolution of 86 mm when imaging 18 F in a 100-mm-thick tissue section. However, it is not compatible with live cell imaging because the CCD sensor must be cooled to very low temperatures. Furthermore, unlike radioluminescence microscopy, it is unable to image the tissue optically.
CONCLUSION
Because of limited spatial resolution, autoradiography and other methods can measure the uptake of a radiotracer only in a relatively large cell population. In contrast, radioluminescence microscopy is able to measure radiotracer uptake with single-cell resolution, in the familiar environment of a fluorescence microscope, using fluorescent probes to highlight biochemical features of interest. Dynamic studies can also shed light on radiotracer kinetics in vitro and at the single-cell level. The ORBIT scheme presented here makes those single-cell measurements more accurate with no increase in imaging time or hardware complexity. Future work will focus on applying this approach for imaging denser cell distributions such as tissue sections.
DISCLOSURE
The costs of publication of this article were defrayed in part by the payment of page charges. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734. This work was supported by the National Institutes of Health under grant NIH ICMIC P50CA114747 and by the Department of Defense under grant W81XWH-11-1-0070. The Olympus Corporation provided the LV200. No other potential conflict of interest relevant to this article was reported.
